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We have produced single, synthetic nanometer-diameter pores by
using a tightly focused, high-energy electron beam to sputter
atoms in 10-nm-thick silicon nitride membranes. Subsequently, we
measured the ionic conductance as a function of time, bath con-
centration, and pore diameter to infer the conductivity and ionic
mobility through the pores. The pore conductivity is found to be
much larger than the bulk conductivity for dilute bath concentra-
tions, where the Debye length is larger than the pore radius,
whereas it is comparable with or less than the bulk for high bath
concentrations. We interpret these observations by using multi-
scale simulations of the ion transport through the pores. Molecular
dynamics is used to estimate the ion mobility, and ion transport in
the pore is described by the coupled Poisson-Nernst-Planck and
the Stokes equations that are solved self-consistently for the ion
concentration and velocity and electrical potential. We find that
the measurements are consistent with the presence of fixed
negative charge in the pore wall and a reduction of the ion mobility
because of the fixed charge and the ion proximity to the pore wall.

ion conduction | nanopore | nanostructured materials

N anometer-diameter pores formed by proteins are prevalent
in biology where they are used to regulate the flow of ions
and molecules through the otherwise impermeable cell mem-
brane. Even though the structure is known with atomic precision
in some cases, there does not seem to be a simple relationship
between the pore geometry and the conductivity (1). This
difficulty may be due to the nonuniform, high concentration of
charge in the pore (2).

As a first step toward understanding the conductivity, we
produced synthetic pores ranging in diameter from 1 to 3.2 nm
in ultra-thin silicon nitride (Si3N4) membranes and measured the
ionic conductance as a function of time and electrolyte concen-
tration to infer the conductivity and ionic mobility. This work
measures the conductance through pores with radii comparable
with the van der Waals radius of an ion (3-5). Similar claims by
Siwy and Fulinski (6) that rely on the conductance through a
single pore to estimate the pore diameter are unreliable, because
conductance does not scale with the diameter. Like previous
work in nanofiltration membranes that contain ensembles of
pores with varying diameter (7), we find that the pore conduc-
tivity associated with a single pore is found to be much larger
than the bulk conductivity for dilute electrolyte concentrations,
where the Debye length is larger than the pore radius, whereas
it is comparable with or less than the bulk for high concentra-
tions. These observations are also consistent with a recent report
by Stein et al. (8) of ion transport in silica channels >70 nm wide
that is governed by surface charge. To interpret our observa-
tions, we use multiscale simulations of the ion transport through
the pores. Molecular dynamics (MD) is used to estimate the ion
mobility, and ion transport in the pore is described by the
coupled Poisson—Nernst-Planck (PNP) (9) and Stokes (10)
equations, which are solved self-consistently for the ion concen-
tration and velocity and electrical potential (11). We find that the
measurements are consistent with an inhomogeneous electrolyte
distribution within the pore, corresponding to the presence of
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fixed negative charge at the pore wall and a reduction of the ion
mobility because of the fixed charge and the ion proximity to the
pore wall.

Materials and Methods

We formed Si, SiO», and SizN4, membranes by using conventional
semiconductor microfabrication practices. We found that mem-
branes fabricated this way are robust, withstanding hundreds of
electrolyte immersion and emersion cycles without failing. Sub-
sequently, a single nanopore is created in the membrane by
electron beam stimulated decomposition and sputtering by using
a JEOL 2010F transmission electron microscope (TEM) oper-
ating at 200 keV (1 eV = 1.602 X 10~'? J), which is able to
generate a tightly focused beam as small as 0.5 nm (Gaussian
width) in diameter. This lithography strategy to produce syn-
thetic pores in ultra-thin membranes is superior to schemes that
use focused ion beam milling (12) or ion-tracks in conjunction
with a deposition (13) because of the high resolution and flux
available with an electron beam, and, unlike regrowth schemes,
it is applicable to a wide variety of membrane materials (14, 15).
Generally, pores fabricated this way do not have a uniform
diameter throughout the thickness of the membrane, however.

Fig. 1a is a TEM image taken at a tilt angle of 0° of a pore with
apparent radius of 0.9 = 0.1 nm in a SizN4 membrane nominally
10-nm thick. The thickness of similarly processed SizN4 mem-
branes was determined to be 10 = 2 nm by using scanning
electron microscopy and 11 = 3 nm by using electron energy loss
spectroscopy. The TEM image in Fig. la represents a 2D
projection through the membrane. The shot noise observed in
the central area identified with the pore indicates perfect
transmission of electrons through the membrane in that area. To
investigate the 3D structure, we tilted the membrane in the TEM
about the pore axis and explored various defocus conditions, as
illustrated by Fig. 1b. Fig. 1b can be interpreted as a projection
through a pore that is partially occluded by the walls of the
membrane in the direction perpendicular to the 15° tilt. By using
images like this one, we have developed models for the pore
geometry, one of which is represented by two intersecting cones
with a 10° cone angle, as illustrated in Fig. 1c. This interpretation
of the TEM images is not unique, however. A single cone with
the same angle also could be used to describe these data, as well.
The ambiguities in pore geometry along with the TEM resolu-
tion give rise to uncertainty in the conductivity.

To determine the conductivity, we measured the dc electro-
lytic current through a single pore as a function of the applied
electrochemical potential at 23.5 £ 1°C in a membrane transport
bi-cell made of acrylic, where the membrane separates two
identical compartments, each containing ~1 ml of electrolyte
and a Ag/AgCl electrode positioned ~1 mm from the mem-
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Fig. 1. TEM characterization of a synthetic nanopore. Nanopores are pro-
duced by using a tightly focused, high-energy electron beam. (a) ATEM image
of a nanopore (slightly out of focus to exaggerate the pore) in a 10-nm-thick
SisNg membrane viewed at 0° tilt angle. The apparent radius of the pore is
~0.9 = 0.1 nm. (b) A TEM image of the same pore shown in a but viewed at
a 15°tilt angle. By using projections like this one, we can infer the 3D structure
of the pore. (c) A (nonunique) schematic representation of the nanopore
consistent with the images shown in a and b, consisting of two intersecting
cones with a 10° cone angle.

brane. In a typical measurement, which takes <15 min, a
constant voltage bias is applied between the electrodes until a
steady-state current is established and measured by using an
Axopatch 200B amplifier with a 10-kHz bandwidth. The mea-
sured current was found to be independent of the relative
electrode-membrane distance from 1 to 10 mm for all concen-
trations of electrolyte used in these experiments. Most of our
experiments were executed by using calibrated KCI solutions
(LabChem, Inc., Pittsburgh) because the potassium (K*) and
chloride (Cl7) ions are monovalent and are known to have
approximately the same mobility in bulk (u™* ~ p&'™* = 7.7 X
1078 m>V~ls~! at infinite dilution). To investigate the effect on
the cation mobility, we sparingly used NaCl solutions (ula* ~
4.6 X 1078 m>V~1s~! at infinite dilution) as well.

Results

Fig. 2 a—c shows the current-voltage (I-}') characteristics ob-
tained from pores with apparent radii of 0.5 = 0.1, 1.0 = 0.1, and
1.5 = 0.1 nm, respectively, measured over a range of =1 Vin 1
M KCl after >55 h of immersion in deionized water. Notice that
in all cases, the /- characteristics are approximately linear, in
contrast with work on asymmetrical conical pores in polymer
membranes (8). A line fit to the data (red dashed lines) yields the
conductance 0.63 = 0.03, 1.09 = 0.03, and 1.24 = 0.03 nS,
respectively, which can only be attributed to the pore because the
measured series resistance due to the electrolyte reservoirs,
probes, and wiring contribute only <5 k(). However, it is
apparent that the conductance does not scale linearly with the
radius derived from TEM. In Fig. 2d, we have juxtaposed the
conductance, G = aI/dV|y—100mv, measured through a number
of pores characterized by an effective pore radius, Ry, alongside
the conductance of a membrane without a pore. To account for
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Fig. 2.

elliptical shape, R, is taken to be the geometric mean of the
major and minor axis of the pore.

The electrolytic conductance through the pore is measured at
regular short intervals (<15 min). After each measurement, the
electrolyte is flushed and subsequently replaced by deionized
water. When another measurement is to be performed, the
electrolyte is replenished from a calibrated solution. The pore
conductance generally increases dramatically with time during
the first 20 h and eventually saturates, whereas the membrane
conductance is <3.5 pS and time-independent. The time-
dependence of the conductance through single nanopores mea-
sured this way is reproducible (within ~10%) after a pore is
dried for an extended period and then reexamined following the
same procedures. (For economy, we have focused here exclu-
sively on measurements in SizN4 membranes. A similar time-
dependence for the conductance is observed in pores fabricated
by using the same methodology outlined above in membranes in
Si and SiO».)

As Fig. 2d indicates, ions only reluctantly permeate the mem-
brane through the nanopore before the first 20 h. We tentatively
attribute this observation to the dynamics associated with wetting
the pore. It has been shown that electrical conductance measure-
ments can be used to evaluate capillary-wetting rates (16). When an
electrolytic solution is used as a wetting liquid, the ionic current
between the electrodes increases as the liquid wets the capillary (or
pore). After the wetting transition is complete, the conductance
remains constant, independent of time, at a value that corresponds
to the electrical conductance of the wetting liquid. Accordingly, the
low conductance (<3 pS) found initially through all of the pores
could be interpreted as a metastable vapor phase (a nanometer-
scale bubble) initially plugging the pore and precluding any elec-
trolytic current (17-20).

The measured electrolytic conductance through single pores
in separate membranes measured after the conductance satu-
rates (t > 55 h) in 1 M, 100 mM, and 10 mM KCl electrolyte is
shown in Fig. 3 a, ¢, and e, respectively, plotted as a function of
1/Rp. In each case, the conductance is linear with the applied
voltage over the range of £200 mV. The corresponding con-
ductivity, calculated by assuming the two-cone geometry, a
uniform ion mobility, and concentration throughout the pore
volume, is shown in Fig. 3 b, d, and f, respectively. The error in
conductivity is predominately due to the uncertainty in pore
geometry and variations in the conductance with time. We find
that the conductivity fluctuates from pore to pore but is gener-
ally less than the bulk value for 1 M KCl solution (opux =~ 108 /m,
which is represented by the open circle at 1/R, — 0).

In principle, three mechanisms contribute to electrolyte trans-
port through the pore: electrophoretic ion migration, convection
(i.e., electro-osmosis), and diffusion. However, as described
below, we have calculated the contribution of the electrical
migration, convection, and diffusion to the total ionic conduc-
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The current-voltage (/-V) characteristics of a nanopore are approximately linear. (a-c) Measurements in 1 M KCl solution of the I~V characteristics of

three pores with apparent radii of 0.5 + 0.1, 1.0 = 0.1, and 1.5 = 0.1 nm, respectively. (Insets) The TEM image of the pore at 0° tilt. The pores are in separate
SisNg membranes that are ~10 nm thick. The (red) dashed lines represent least-squares fit to the data yielding slopes of 0.63 = 0.03, 0.74 = 0.03, and 1.24 = 0.03
nS, respectively. (d) The time-dependence of similar measurements of conductance through various nanopores in the same type of membrane, where R, ranges
from 0.5 to 1.6 nm, all measured in 1 M KCl solution. Superimposed on this plot is the conductance through a membrane without a pore.
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Fig.3. The conductance (a, ¢, and e) and conductivity (b, d, and f) vs. the reciprocal of R,. The conductance was measured at t > 55 h for the same seven pores
at three different KCl concentrations, 1, 0.1, and 0.01 M. The open data points represent the bulk conductivity supplied by the vendor for the calibrated

electrolytes used in the measurements.

tivity and found that for all of the pores studied, the contribution
from ion migration predominates; it represents 95% of the total
conductivity. The contributions of convection and diffusion are
marginal. Following Schmid and Schwarz (7), the observed
concentration dependence of the conductivity suggests that
there is a fixed charge in the pore. Heuristically, if we ignore
interionic forces that cause mobile counterions to accumulate in
the vicinity of the fixed charge, assuming instead that counte-
rions are distributed uniformly throughout the volume of the
pore and that the corresponding mobility is uniform throughout
the volume of the pore, then we can estimate the conductivity.
If ¢ is the bulk electrolytic concentration and cj, represents the
concentration of (negative) charges at the pore wall, then charge
neutrality (ck = cc + ¢p) and the law of mass-action (ckcc = c?)
constrain the anion and cation concentration inside the pore. By
using these relations, ¢k and c¢y can be calculated once c;, is
determined. The ratio of the conductivity of the pore to the bulk
follows from

Opore MR+ & i+ (&) g N BR™ — & o

= " bukk bulk bulk bulk  .°

Opuk Mg+ 1Q 2¢ pE™ e 2¢
[1]

According to this naive analysis, the observed variations in the
conductivity can be attributed to the differences in the fixed
charge density and ionic mobility, especially for cations, in the
pores. By fitting the conductivity data as a function of electrolytic
concentration, it is possible to extract rudimentary estimates of
the fixed charge density and the ion mobility in the pore. Table
1 summarizes the results of the least rms error fit of Eq. 1 to the
conductivity data. Because of the presence of fixed negative
charge in the pore, the conductivity is essentially determined by
the concentration and mobility of the cation for 0.01 M < ¢ <
1 M, which gives rise to a disproportionate uncertainty in the
anion mobility. To appreciate the wide latitude in the fits, the
rms error derived from the optimum fit was doubled and used as
a convergence criterion. The resulting values obtained for ¢, uk,
MNa, and pcy, are indicated in parentheses in Table 1. We find a
negative charge density in the pore that is typically >100 mM.
We interpret these data to be consistent with a negative charge
density in the pore that is typically >100 mM. This interpretation
is equivocal, however. Notice that for the R, = 0.72 nm pore, the
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cation mobility is reduced while the anion mobility is approxi-
mately constant when the electrolyte is changed from KCI to
NaCl as expected from the bulk mobilities, but the inferred
charge density in the same pore is not identical.

This interpretation of ion transport, which assumes a uniform
ion concentration and mobility throughout the volume of the
pore, is problematic, especially when the Debye length and the
van der Waals radius of the ions become comparable with
the pore radius. For an accurate assessment with atomic detail,
we simulated the ion transport in cylindrical Si3Ny4 pores by using
MD and then calculated the conductance by using coupled PNP
(9) and the Stokes (10) equations. First, to determine the effect
of using a cylindrical approximation for a conical nanopore on
the conductivity, we performed separate numerical simulations
by using the double-cone structure of the nanopore as indicated
by the TEM images. These simulations indicate that for R, = 0.5
nm, the conductivity for conical structure is ~12% higher than
that of a cylindrical pore with the same radius. For all other
pores, the difference in conductivity for cylindrical and conical

Table 1. Fixed charges, cp, and ionic mobilities, u, in the pores,
estimated by fitting the conductivity data of each pore as a
function of concentration using Eq. 1

MKr MNar Kl

Rp, nm o, M X1078 m2-V~ 151 X10-8 m2:V~- 151
0.50 0.6 (0.3) 3.5(6.3) 4+8(1+4)
0.72 2.4 (0.3) 0.5 (3.6) 6+5(-1%x2)
0.72* 21.7 (0.2) 0.04 (2.2) 7+10(-2=1)
0.78 0.2 (0.2) 3.3(3.4) -1*£2(-1%2)
1.00"

1.19 1.8(0.2) 0.1 (1.0) 8+5(3+3)
1.34 0.5 (0.4) 3.6 (4.8) -3+2(-4+2)
1.45 0.7 (0.4) 1.2 (2.0 —1+1(1*04)
1.62 0.2 (0.1) 1.1 (2.6) 0+x1(=2=x1)

The optimal values of the pore parameters that correspond to the minimum
rmserror of Eq. 1are represented by the numbers outside the parentheses; the
numbers inside the parentheses correspond to a rms error that is two times
larger than the minimum.

*The conductivity data for this pore is inferred from conductance measure-
ments in NaCl solutions at 0.01, 0.1, and 0.85 M.
The conductivity data for this pore cannot be fit by Eq. 1.
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Variation of ion cencentration and mobility in pores of various diameter. (a) lon concentration distribution in the 1.62-nm-radius SizN4 pore from MD

simulations. A significant amount of K* ions are adsorbed on the pore surface, and the ion distribution in the pore center is bulk-like. (b and ¢) K* (b) and CI~
(c) ion mobility variation in three SisN4 pores with R, of 1.62, 1.19, and 0.50 nm. The ion mobility is affected by both the ion-surface interactions and the
confinement, which is substantially lower near the pore surface compared with that in the pore center. Also, the ion mobility in the entire pore decreases

dramatically as Ry, decreases.

geometry is <3% because the cone angle is small (=10°), and the
ion transport through a double-cone structure pore depends
primarily on the narrowest portion of the pore, Moreover, using
a conical structure requires modeling the entire Si3N4 pore and
a corresponding portion of the bath, which makes the MD
simulations time-consuming without offering additional insights
into the ion transport. In contrast, by using a cylindrical pore,
periodic boundary conditions can be used along the axial
direction to facilitate the MD computations. So, we adopt a
cylindrical pore as a reasonable and economical approximation
to be used instead of a double-cone structured pore in all of the
subsequent calculations.

To construct the pore, a cubic unit cell of Si3Ny crystal (21) was
first replicated in three dimensions to produce a cubic box of
Si3N4 membrane. Two cubic boxes of the same thickness (4.64
nm) and different cross-sectional area (6.19 X 6.19 and 5.42 X
5.42 nm?) were used to accommodate pores of different diam-
eters. The cylindrical nanopores were drilled by removing the
atoms satisfying V(x —xc)2 + (y — yo)*> < R, + & (regardless of
their z-coordinates), where (x, y) is the coordinate of the atom,
(¢, yc) is the coordinate of the center of the pore, and & is the
van der Waals radii of the pore surface atoms (taken as 0.16 nm).
The length of the pores equals the membrane thickness. The
larger pores (Rp, = 1.19 and 1.62 nm), where the ion concentra-
tion distribution in the pore center is bulk-like, were filled with
KClI solution such that the concentrations of K*/Cl~ ion and
water in the pore center are 1.0 and 53.5 M, respectively. For the
small pore (R, = 0.5 nm), where the ion concentration in the
pore center is not bulk-like, the SisN4, membrane was immersed
in 1.0 M KClI solution.

In the MD simulations, the Si and N atoms were modeled as
Lennard-Jones atoms and were assigned partial charges re-
ported in ref. 22. When the pores were constructed by the
simulation procedure discussed above, the total charge of the
Si3N4 membrane is typically nonzero. To maintain the electro-
neutrality, we adjusted the partial charge on the Si atom such
that the total charge of the membrane is zero (23). The adjust-
ment made to the charge was <0.2% of its absolute value. A
Si3Ny surface immersed in an electrolyte solution usually carries
a net surface charge. In this work, we assume a negative surface
charge density of —0.02 C/m? on the pore surface, which is
typical of a Si3Ny surface immersed in a solution of pH 7-8 (24,
25). To represent the net surface charge density, we added
additional charges to the surface atoms of the SizN4 pore. The
additional charges are balanced by the excess amount of coun-
terions in the simulation system. Water is modeled by using the
SPC/E model (26), and ions are modeled as charged Lennard-
Jones spheres. The Lennard-Jones parameters for water and

10448 | www.pnas.org/cgi/doi/10.1073/pnas.0500796102

ions are taken from ref. 4, and those for the Si and N atoms are
taken from the GROMACS force field (27).

MD simulations were performed by using a modified GROMACS
package (27, 28). A cutoff radius of 1.1 nm was used to compute the
Lennard-Jones potential. The electrostatic interactions were com-
puted by using the Particle-Mesh—-Ewald method (29) with no
truncation for the Coulomb interactions. A cutoff distance of 1.10
nm was used in the calculation of electrostatic interactions in the
real space. A fast Fourier transform grid spacing of 0.11 nm and
cubic interpolation for charge distribution were chosen to compute
the electrostatic interactions in the reciprocal space. The temper-
ature of the fluid was maintained at 300 K by using a Berendsen
thermostat. An electric field of 0.12 V/nm was applied in the
z-direction. Starting from a random configuration, the systems were
simulated for 1 ns to reach a steady state, followed by a production
run of 610 ns. The ion distribution in the pore was computed by
using the binning method, and the ion velocity was computed by
tracking the positions of the ions (30).

Fig. 4a shows the ion concentration profile in a pore (R, = 1.62
nm) obtained from MD simulations, indicating that a large
amount of K* ions are adsorbed on the pore surface and the K*
concentration oscillates as it approaches the center of the pore.
Although the surface carries only a small net charge, the partial
charges on the surface atoms can generate locally a strong
electric field that attracts ions. The adsorption of K* ions at the
pore surface overscreens the pore surface charge, hence the C1~
ion concentration exceeds that of the K* ion for » < 1.55 nm.
Notice that the CI~ concentration also oscillates with distance
from the pore wall. The oscillations in K*/Cl~ concentrations
are correlated with water density oscillations, which have been
described in earlier reports (31, 32). Similar ion concentration
distributions are observed in pores with smaller radii.

Fig. 4b shows the variation of K* ion mobility in the three
SizsN4 pores with R, of 1.62, 1.19, and 0.50 nm, respectively,
obtained from MD simulations. Notice that the mobility of the
absorbed K* ions is low (ux < 1 X 1078m?V~l-s~1) compared
with the bulk value of K* mobility at 1 M KCI (u™* =~ 5.5 X 108
m2V~1s™1). However, the ion mobility gradually increases as it
moves away from the surface toward the center of the pore. The
large statistical error near the pore center is due to the small bin
size. In the two larger pores, the mobilities near the center of the
pore are almost the same and are comparable with the bulk
value, whereas for the R, = 0.50 nm pore, the K* ion mobility
in the pore center is only ~12% of its bulk value. Such a low
mobility is due to confinement and is consistent with earlier
reports (5, 33). Fig. 4c shows the variation of Cl~ ion mobility in
the same pores. Similar trends for the K* and CI~ ion mobilities
are observed, indicating that the ion mobility in nanopores (R, =

Ho et al.
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Variation of conductance and conductivity with bath concentration in pores of various diameter. (a and b) Comparison of the conductance (a) and

conductivity (b) as obtained from measurements and combined MD/PNP simulations, by using the bath concentration of 1.0 M KCI. The conductivity increases
as the pore size increases and is always lower than bulk conductivity. (c-f) Comparison of the conductance (c and e) and conductivity (d and f) as obtained from
experiments and combined MD/PNP simulations. Values were obtained by using a bath concentration of 100 mM (cand d) or 10 mM (e and ) KCI. The conductivity
dependence on the pore size is weaker for 100 mM than for the 1.0 M case. Conversely, the conductivity increases as the pore size decreases for the 10 mM case.

0.5-1.6 nm) is substantially affected by confinement and ion—
surface interactions.

Although MD simulations can be used to estimate the ionic
conductance and conductivity of a nanopore immersed in
electrolytic solutions at low bath concentrations, an excessively
large simulation box is required. For economy, we resorted to
a multiscale approach using a combination of continuum and
atomistic simulation. In continuum simulations, the ionic
transport through the Si3zN4 membrane is described by the
coupled PNP (9) and the Stokes equations (10), which are
solved in a self-consistent manner to obtain a converged
solution for the ion transport (11). Specifically, the PNP and
the Stokes equations are solved iteratively until a self-
consistent solution for the concentration of the ions; electrical
potential and the bulk Veloc1ty are obtained. The net current
den51ty through the pore is then glven by] F 3N zT;, where
N is the total number of ionic species, z; is the Valence of the
ih species, and T is the axial component (z-direction in the
present work) of the flux of the i*" species. The axial flux of the
ith species is given by the expression (25)

ac; 0P

I'i=-D; Fre Mizi€ 0z +cu,

where D; is the diffusion coefficient, u; is the ionic mobility
(extracted from MD simulations), ¢; is the concentration of the
i™" species, u is the axial velocity of the bulk flow, and @ is the
electrical potential. This approach has been used by several
research groups to study the ionic transport in biological ion
channels (34, 35). MD simulations provide the average ionic
mobility only at particular locations in the pore that correspond
to the center of each bin. A linear interpolation between the
points is then used to obtain mobility variation in the entire pore.
The d1ffusw1ty is assumed to be proportional to the ionic
mobility, i.e., D; = DM*w;/ul™.

As shown in Fig. 4a, a substantial amount of counterions (K*)
are adsorbed on pore surface because of the strong local electric
field created by the partial charges. The absorbed counterions
have extremely low mobility; their contribution to the net current
through the nanopore is therefore negligible. To account for the
absorbed ions in the continuum simulation, the effective surface
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of the pore is shifted toward the center of the pore by 0.19 nm
so that only the region where the ions are mobile is considered.
The corresponding surface charge density of the reduced pore is
the sum of the original surface charge density of the pore, py =
—0.02 C/m?, and the adsorbed surface charge density (p,ds), i-€.,
p = po + pads- The (Stern layer) adsorption of the counterions
is described by the Langmuir isotherm (36)

A C counterions

1+ Bc” ’

counterions

Pads =

where ¢ erions is the concentration of the mobile counterions
at the solid-liquid interface. The parameters A and B are
extracted by computing p,qs in MD simulation at two different
bath concentrations. By using the combined continuum/MD
approach, the ionic conductivity of the Si3N4 nanopore con-
nected with a KCI bath of concentrations 1 M, 100 mM, and 10
mM was examined.

Fig. 5 a and b shows a comparison of the ionic conductance
and conductivity obtained from multiscale simulation and ex-
periments at 1.0 M bath concentration. Notice that the pore
conductivity is always less than the bulk conductivity. Although
the multiscale simulation underestimates the conductivity for the
smallest pore, and overestimates it for the larger pores, it agrees
with the experimental estimates within the error. The ionic
conductance and conductivity for bath concentrations of 100 and
10 mM are shown in Fig. 5 c—f. In Fig. 5d, the pore conductivity
at 100 mM first decreases with shrinking pore radius until R, ~
1 nm and then slowly increases as the pore is becoming smaller.
At 10 mM, the pore conductivity always increases with decreas-
ing pore size, where the increase is more significant for the
smaller pores (R, = 0.75 and 0.5 nm) compared with the larger
pores (R, > 1 nm), as shown in Fig. 5f. Notice that the
conductivity of the smallest pore (R, = 0.5 nm) is about the same
for all of the bath concentrations.

To understand the scaling behavior of the conductivity,
changes in the average concentration and ionic mobility have to
be taken into account. The ionic mobility typically decreases
with decreasing pore radius due to increased confinement and
surface field effects. For high bath concentrations (1 M), the
variation of average concentration with pore size is small, and so
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the conductivity scales with ionic mobility (Fig. 5b). However,
for a dilute bath concentration (10 mM), the average concen-
tration increases significantly with decreasing pore size as a large
number of ions (that are dictated by the surface charge) are
confined to a smaller volume. Consequently, the increase in
average concentration outweighs the decrease in the mobility;
therefore, conductivity increases with decreasing pore radius
(Fig. 5f). For intermediate bath concentrations (100 mM), the
decrease of ionic mobility and the increase of average concen-
tration with decreasing pore size both play an important role in
determining the pore conductivity.

In summary, we have inferred the conductivity and ionic
mobility through nanopores from measurements of the ionic
conductance as a function of time and bath concentration. The
pore conductivity is found to be much larger than the bulk value
for dilute bath concentrations (10 mM), where the Debye length
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